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ABSTRACT
We investigate the effect that dwarf galaxies have on the orbits, tidal histories, and assumed
formation environment of Milky Way globular clusters. We determine the orbits of the Milky
Way’s 150 globular clusters in a gravitational potential both with and without dwarf galaxies.
We find that the presence of a small number of satellite galaxies can strongly affect the orbits
of many of the globular clusters. Over 12 Gyr, we find that the semi-major axis and orbital
eccentricity of individual clusters fluctuate with a dispersion of 0.1 kpc and 0.05, respectively.
Outer clusters are more strongly affected by dwarf galaxies than inner clusters, with their
semi-major axis and orbital eccentricities fluctuating by more than 5 kpc and 0.1, respectively.
Using detailed N-body simulation of select clusters, we find that altering their orbital histories
can lead to different mass loss rates and structural evolution. Furthermore, we caution against
using kinematics alone to identify whether a Galactic cluster formed in-situ or was accreted
during a past merger event as these values are no longer conserved. The presence of dwarf
galaxies causes the orbital energies and actions of individual clusters to evolve over time,
spanning a wider range than that coming from random uncertainties in a cluster’s proper
motions and radial velocity.
Key words: Galaxy: globular clusters: general, Galaxy: structure, Galaxy: kinematics and
dynamics, galaxies: dwarf
1 INTRODUCTION
Globular clusters (GCs) are gravitationally bound groups of stars,
with ages between 11 and 13Gyr (Krauss &Chaboyer 2003;Marín-
Franch et al. 2009; Forbes & Bridges 2010), that form while their
host galaxy is built up via hierarchical growth (White & Frenk 1991;
Springel et al. 2005). Their subsequent evolution has been shown
to be directly linked to that of their host galaxy (e.g., Baumgardt &
Makino 2003). Hence GCs offer a window into what high redshift
galaxies looked like while also having been shaped by the growth
and evolution of their host. GCs are therefore ideal for studying the
dynamical evolution of galaxies.
With the release of Gaia data release 2 (DR2) (Gaia Collab-
oration et al. 2016, 2018a), the three-dimensional positions and
velocities of every Galactic GC are now known (Gaia Collabora-
tion et al. 2018b; Vasiliev 2019). Knowing the orbital evolution of
each cluster allows for GCs to be used as tools to study the Milky
Way, which includes measuring its mass profile and identifying past
merger events. For example, Eadie & Jurić (2019) used the proper
motions of 150 GCs to estimate the mass profile of the Milky Way
out to 200 kpc.With respect to constraining theMilkyWay’s merger
history, Myeong et al. (2018) found a set of eight GCs clustered in
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kinematic phase space, which indicates they may have all been a
part of the same progenitor galaxy that was accreted by the Milky
Way in the distant past. Massari et al. (2019) expanded on this work
in order to identify each Galactic GC as forming in-situ or being as-
sociated with one of the Milky Way’s past merger events. However
the authors note that some uncertainty exists in these identifica-
tions as the kinematic properties of each of the systems overlap.
Including cluster metallicity and age in the analysis can reduce the
uncertainty, with Kruijssen et al. (2020) further associating several
Galactic GCs with the Kraken merger event suggested by Kruijssen
et al. (2019).
With respect to GCs themselves, Gaia DR2 has made it easier
to identify stars that are cluster members, allowing for the density
profiles of individual cluster to be accurately measured and com-
pared to dynamical models (de Boer et al. 2019). Having kinematic
information for a large number of cluster members allows for each
clusters velocity dispersion profile to be measured, with rotation
and orbital anisotropy also being observed in several GCs (Bian-
chini et al. 2018; Baumgardt & Hilker 2018; Jindal et al. 2019).
Therefore in the age of Gaia, with so much spatial and kinematic
information available for GCs and individual GC stars, it is possible
to directly compare observations to simulations.
Theoretical work in the field of globular cluster dynamics typ-
ically treats the Milky Way as the only significant body that in-
© 2020 The Authors
ar
X
iv
:2
00
7.
13
75
2v
1 
 [a
str
o-
ph
.G
A]
  2
7 J
ul 
20
20
2 Garrow et al.
fluences the GCs (e.g., Baumgardt & Makino 2003; Kruijssen &
Mieske 2009; Gieles et al. 2011; Webb et al. 2014). Direct compar-
isons between such studies and observed GCs suggest that external
factors besides the Milky Way need to be considered. For example,
Webb&Leigh (2015) found that the stellarmass functions of several
Galactic GCs imply that they have lost significantly more mass than
their orbits in the Milky Way would suggest (Kruijssen & Mieske
2009). Given that clusters that show the most evidence for increased
mass loss rates are spatially extended (De Marchi et al. 2007; Paust
et al. 2010), the mechanism behind their evolution is more likely to
be external than internal. With recent studies of satellite galaxy and
GC evolution in time dependent tidal fields highlighting the impor-
tance of galaxy growth and substructure (Kruijssen 2015; Li et al.
2017; Renaud et al. 2017; Peñarrubia 2019; Garavito-Camargo et al.
2019; Patel et al. 2020), it is necessary to consider how individual
Galactic GCs have been affected by these factors.
The first step is to consider how the presence of dwarf satel-
lite galaxies has affected the dynamical evolution of Galactic GCs.
Gómez et al. (2015) studied the importance of considering the Large
Magellanic Cloud (LMC) in simulations of the tidal tails of the
Sagittarius dwarf galaxy (Sgr) around the Milky Way. They found
that when the LMC was included, tidal debris from Sgr was found
to be misaligned with the present-day orbital plane of Sgr. More
generally, Patel et al. (2020) finds that interactions with the Milky
Way and the Magellanic Clouds can affect both the orbital history
and evolution of other satellites. Even more subtle changes to the
external tidal field, like how the Milky Way’s halo itself responds
to satellite galaxies (Garavito-Camargo et al. 2019), can lead to the
perturbation of satellite orbits. With respect to GCs, Erkal et al.
(2018) and Erkal et al. (2019) demonstrated that the Large Magel-
lanic Cloud is capable of perturbing the orbits of the Tucana and
Orphan streams, respectively. These results suggest that the presence
of dwarf galaxies around the Galaxy could potentially influence the
orbits of the Milky Way’s other satellites as well and, in particular,
that nearby dwarf galaxies will influence the orbits and subsequent
evolution of Galactic globular clusters.
Finding that dwarf galaxies can strongly affect the orbital and
structural evolution of GCs will significantly alter our view of how
GC systems evolve. Close interactions between GCs and dwarf
galaxies could lead to both episodes of mass loss due to tidal shocks
and a change in the cluster’s orbital path. A change in a cluster’s
orbit will also affect its mass loss history, such that estimates of
initial mass, initial relaxation time, and the evolution of its stellar
mass function will have to be revised. Furthermore, when using GC
orbits to constrain the mass profile of the Milky Way one would
have to factor in the presence of dwarf galaxies as well.
The purpose of this study is to determine how the presence of
dwarf galaxies affects the orbital histories of Milky Way globular
clusters. In Section 2, we discuss how we setup the combined tidal
field of the MilkyWay and its satellite dwarf galaxy system in order
to integrate the orbits of Galactic GCs. In Setion 3 we present how
the orbits of Galactic GCs are changed by the presence of dwarf
galaxies, mainly in terms of how their semi-major axis and orbital
eccentricity differ both at the present day and as a function of time.
We also consider the effects of just the Sagittarius dwarf galaxy and
just the Magellanic Clouds on cluster orbits, because these are two
of the more massive systems and could help rule out the importance
of considering less massive dwarfs when modelling GC evolution.
In Section 4, we discuss the implications of having different or-
bital histories on the tidal evolution of select GCs. Through N-body
simulations, we explore whether changes in a cluster’s orbit due to
interactions with dwarf galaxies can significantly affect the cluster’s
Galaxy Mass (M) Scale radius (kpc) Reference
LMC 1.0 × 1011 10.2 1,2
SMC 2.6 × 1010 3.6 1
Sagittarius 1.4 × 1010 7.0 2
Draco 6.3 × 109 7.0 3
Ursa Minor 2.5 × 109 5.4 3
Fornax 2.0 × 109 3.4 4
Table 1. A summary of the dwarf galaxy properties used in the simulations,
taken from (1) Besla et al. (2010), (2) Laporte et al. (2018), (3) Peñarrubia
et al. (2008), and (4) Goerdt et al. (2006).
mass loss history. We also consider how the orbital energy and ac-
tions of each cluster are affected to see if their kinematic association
with a specific merger event should be reconsidered. We summarize
our findings in Section 5.
2 METHOD
In order to observe and quantify the effects that dwarf galaxies have
on the orbital evolution of GCs, it is necessary to integrate their
orbits in a Milky Way-like potential with and without the presence
of dwarf galaxies. We make use of the Python galactic dynamics
package galpy1 (Bovy 2015) and the orbital properties of each
GC as measured by Vasiliev (2019). In all cases, we assume that
the Milky Way is well represented by the MWPotential2014 mass
model from (Bovy 2015).
In the base potential model, MW, the orbits of each cluster are
solved in MWPotential2014 only. A subset of the Milky Way’s
satellite galaxies are then chosen to include in the simulations based
on their proximity to the Milky Way and availability of mass pro-
file parameters. More specifically, we explore how the presence of
Sagittarius, the Large and Small Magellanic Clouds, Draco, Ursa
Minor and the Fornax dwarf galaxies affects the orbital evolution of
GCs. Each dwarf galaxy is represented by a Hernquist mass profile,
which is defined by the total mass of the dwarf and a scale radius.
The values for these parameters and the appropriate references are
summarized in Table 1.
The orbits of the individual satellite galaxies are integrated
backwards in time for 12 Gyr in MWPotential2014, given their
current positions and proper motions in Gaia Collaboration et al.
(2018b). Hence the combined potential of theMilkyWay and the six
satellite dwarf galaxies considered here is now known as a function
of time. It is important to note that, in this study, we do not include
the effects of dynamical friction ormass loss on the satellite galaxies
as the mass loss histories of dwarf galaxies are poorly constrained.
Furthermore, the time evolution of the Galactic potential would also
need to be considered to accurately model both effects. Given that
the primary focus of this work is determining whether or not the
satellites can strongly affect GC orbits, rather than trying to exactly
reproduce the orbital history of individual GCs, these assumptions
are valid.
The orbit of each GC is then integrated in the combined po-
tential of MWPotential2014 and several different combinations of
the dwarf galaxies in Table 1. We first consider cases where only
the Sagittarius dwarf galaxy SGR or the Large and Small Magellanic
Clouds SMC/LMC are accounted for when integrating cluster orbits.
These solutions will provide a measure of how strongly the most
prominent dwarf galaxies affect cluster orbits. In the final potential
1 Available at http://github.com/jobovy/galpy .
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Model Name Components
MW MWPotential2014
SGR MWPotential2014 + Sagittarius
SMC/LMC MWPotential2014 + SMC + LMC
DW MWPotential2014 + SMC + LMC +
Sagittarius + Draco + Ursa Minor + Fornax
Table 2. A summary of the four galaxy models used in the simulations
model DW, we consider GCs orbiting in the combined potential of
MWPotential2014 and all six dwarfs. For each potential model,
we integrate the orbit of each cluster backwards for 12 Gyr. The
four potential models are summarized in Table 2.
3 RESULTS
In order to determine the effects of dwarf galaxies on the orbital
evolution of GCs, we first consider how the present day semi-major
axis (Figure 1) and orbital eccentricity (Figure 2) of each GC dif-
fers between the MW potential model and the SGR, SMC/LMC, and
DW potential models. Table A1 in the Appendix lists the pericentre,
semi-major axis, and orbital eccentricity of each GC in each po-
tential model. In our analysis, we consider inner (r < 10 kpc) and
outer (r > 10 kpc) GCs separately, because outer GCs are expected
to be more strongly affected by dwarf galaxy interactions since the
relative strength of the dwarf galaxy potentials with respect to the
Milky Way is higher.
Figure 1 illustrates the difference between each GC’s semi-
major axis in the MW potential model and the semi-major axis in the
three dwarf galaxy models ∆a. Inner region clusters are minimally
affected, with semi-major axes changing by less than l kpc. The
dispersionσa in∆a for all three potentialmodels is less than 0.1 kpc.
The majority of the outer region clusters also experience changes
to their semi-major axis that are on the order of 1 kpc, however
there exist several cases where the change is much larger than 1
kpc. The SMC/LMC potentials can lead to changes in the semi-major
axis of ±5 kpc, with σa = 2.5 kpc. The SGR potential model can
lead to changes of ±10 kpc, with σa = 6.2 kpc. When all six dwarf
galaxies are considered in the DW model, the distribution in ∆a
for outer clusters is slightly narrower than the SGR case (σa = 5.4
kpc), but select clusters experience changes in their semi-major axis
greater than 10 kpc.
Similarly, Figure 2 illustrates the difference between each GC’s
orbital eccentricity in the MW potential model and the orbital eccen-
tricity in the three dwarf galaxy models ∆e. Unlike ∆a, we find
that even inner region clusters experience a change in their orbital
eccentricity when the effects of dwarf galaxies are included in their
orbital history. The dispersion σe in ∆e for inner clusters in all
three models is on the order of 0.01, with DW showing the largest
dispersion (0.02) and SGR showing the lowest (0.01). Similar to ∆a,
the orbits of outer region clusters are more strongly affected by the
presence of dwarf galaxies. In the SMC/LMC and SGR models, σe
is approximately 0.04 and 0.05 respectively with clusters having
changes in their orbital eccentricity between −0.1 and 0.15. The
DW models show the largest spread in ∆e, with the distribution no
longer appearing to be Gaussian.
In the MW model, the eccentricity and semi-major axis of the
clusters do not change over the past 12 Gyr, because the potential
is static. However in the SGR,SMC/LMC, and DW models the orbits
of the clusters are expected to change over time due to repeated
interactions with the dwarf galaxies. Therefore, we take the position
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Figure 1. The difference in semi-major axis of inner (top panel) and outer
(bottom panel) globular clusters orbiting in the SGR, SMC/LMC, and DW galaxy
models compared to the MW galaxy model. Note that the scale of the x axis
is different in the top and bottom panels. Dwarf galaxy interactions can lead
to significant changes in the semi-major axis of outer clusters.
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Figure 2. The difference in orbital eccentricity of inner (top panel) and
outer (bottom panel) globular clusters orbiting in the SGR, SMC/LMC, and DW
galaxy models compared to the MW galaxy model. Note that the scale of the
x axis is different in the top and bottom panels. Dwarf galaxy interactions
can lead to changes in the eccentricity of both inner and outer clusters.
and velocity of the globular clusters integrated in the DW model at
1 Gyr timesteps and numerically determine their semi-major axis
and orbital eccentricity in the MW potential through orbit integration
to explore the time evolution of these two parameters; that is, this
calculation shows how the orbital parameters change because of
perturbations from dwarf galaxies when computed in a static model.
The range in orbital properties of each GC over the past 12 Gyr is
shown in Figure 3, with each shaded area representing the range in
semi-major axis and orbital eccentricity parameter space that each
GC covers. Figure 3 clearly demonstrates that the presence of a
subset of Milky Way satellite galaxies has a significant effect on the
orbits of the globular clusters as a function of time. Outer clusters
are, as expected, more strongly affected by the presence of dwarf
galaxies as they span a wide range in semi-major axis and orbital
MNRAS 000, 1–10 (2020)
4 Garrow et al.
0 10 100
a (kpc)
0.2
0.4
0.6
0.8
1.0
e
Figure 3. The range of orbital eccentricities and semi-major axes—
computed in the static MW model—that individual Galactic GCs have while
orbiting in the DW galaxy model for 12 Gyr. Many GCs span a significant
area in this plane over their past history and their present-day value is not
always representative of the range of values covered.
eccentricity. The orbits of select inner region clusters also appear to
be strongly affected by the presence of dwarfs.
4 DISCUSSION
The orbit integrations above of each Galactic GC in tidal fields with
and without satellite dwarf galaxies reveal that both the present
day and past orbits of GCs can be strongly affected by interactions
with dwarfs. The interactions can result in a change in both the
GC’s semi-major axis and orbital eccentricity. Such changes can
potentially affect the dynamical evolution of a GC, because cluster
evolution is strongly coupled to the properties of its host galaxy.
Furthermore, if a cluster’s orbit was significantly different in the
past than it is today, using its current orbital properties to constrain
its origin (in-situ formation or accretion via amerger event) becomes
difficult. We discuss both of these factors in the following sections.
4.1 Dynamical Evolution
The presence of dwarf galaxies changes the tidal history of a GC in
two ways. First, because dwarf galaxies can change a cluster’s orbit,
they also change the tidal field that aGC experiences. Hence the tidal
field experienced by individual globular clusters in the past may be
stronger or weaker than what they experience on their current orbit.
Secondly, the gravitational force from dwarf galaxies can also itself
be directly responsible for tidally stripping stars. However given
that the tidal force scales as ∼ 1/r3, this effect is only significant if
a globular cluster has a close encounter with a dwarf galaxy.
In order to explore these two channels, we simulate the evo-
lution of star clusters for a few select Galactic GC orbits using
gyrfalcON, a force calculation algorithm and N-body code within
NEMO (Teuben 1995) that is capable of including an external tidal
field (Dehnen 2000, 2002). To select which GCs to simulate, we
separate GCs into four subgroups based on semi major axis (a < 10
kpc, 10 < a < 20 kpc, 20 < a < 50 kpc, and 50 < a < 200 kpc) and
then identify the GC within each subgroup that spans the largest
area in Figure 3. This selection criteria allows us to identify clusters
over a range of tidal field strengths that have had their orbit strongly
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NGC 6528 : a < 10 (kpc)
IC 1257 : 10 < a < 20 (kpc)
PAL 2 : 20 < a < 50 (kpc)
PAL 4 : 50 < a < 200 (kpc)
Figure 4. The mass loss histories of four globular clusters selected in four
semi-major axis ranges to have large changes in their orbit due to interactions
with dwarf galaxies. Each shaded region represents the mass evolution of
a cluster in the DW galaxy model normalized by the mass evolution of five
clusters simulated in the MW that have had their initial proper motions and
radial velocity randomly drawn from within their quoted uncertainties. The
masses of the clusters were found by counting stars within two tidal radii
of the densest region of the cluster. Globular clusters can lose a few percent
more or less mass due to the effect of dwarf galaxies.
affected by the presence of dwarf galaxies. In order of increasing
semi-major axis, these clusters are NGC 6528, IC 1257, Pal 2, and
Pal 4. Their internal evolution is modelled with gyrfalcON assum-
ing stars have a softening length of 1.5 pc, an opening angle of
0.6, and a maximum timestep size of 3.9 Myr. The tidal field of the
Milky Way is analytic and set equal to MWPotential2014, while
the dwarf galaxies are included as heavily softened particles. Given
that none of the GYRFALCON softening mechanisms correspond to a
Hernquist sphere, we instead assume each of the six dwarf galaxies
in Table 1 are Plummer spheres with the samemass and scale radius.
The initial position and velocity of each GC and the dwarf
galaxies in MWPotential2014 are set to what their values must
be 12 Gyr ago in order to reach their present day locations in the
Galaxy. Each GC consists of 10,000 stars and has a total mass of
2 × 105 M . The half mass radius rm of the GC is set so that it is
tidally filling (ratio of the half mass radius and the tidal radius rt
of rm/rt = 0.145) at its initial pericentre in the DW model (Hénon
1961, 2011). Setting the clusters to be filling at pericentre ensures
that they are sensitive to changes in the external tidal field. For
comparison purposes, the exact same initial cluster is simulated in
the MWPotential2014 tidal field only, with its initial position and
velocity in the galaxy set so that it too will end up at the cluster’s
current position in the Milky Way. A direct comparison between
simulations with and without dwarfs allows us to determine how
strongly a cluster’s evolution has been affected by the presence
of dwarf galaxies. For each GC, five different simulations in the
MWPotential2014 tidal field are run where the present-day proper
motion and radial velocity of the cluster are randomly chosen within
the uncertainties quoted byVasiliev (2019). This approach allows for
the dynamical evolution of GCs in simulations with dwarf galaxies
to be compared to the range of allowable orbital histories GCs can
have due to the uncertainty in their kinematic properties.
Figure 4 illustrates the ratio of mass of all stars within the
tidal radius (also referred to as the Jacobi radius) of the cluster
orbiting in the DW potential normalized by the mass within the tidal
MNRAS 000, 1–10 (2020)
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Figure 5. Same as Figure 4, but for cluster half-mass radii. Globular clusters
in a stronger tidal field (a < 50 kpc) are all larger due to the effect of dwarf
galaxies.
radius of the clusters orbiting in MWPotential2014—the range
results from the five different present-day positions and velocities
that we simulate in MWPotential2014. Note that the tidal radius is
first calculated assuming all the stars are bound to the cluster, and
then again using only the mass of stars with radii within the initial
calculation. First taking into consideration the mass evolution of the
innermost cluster, NGC 6528, our simulations show that the cluster
loses between 2 − 3% more mass in the galaxy model with dwarf
galaxies than without. Hence its orbit must have originated in a
strong tidal field before interactions with dwarf galaxies caused it to
migrate outwards. The opposite is true for IC 1257 and Pal 2, both
of which lose less mass in the galaxy model with dwarf galaxies.
Finally the dynamical evolution of Pal 4, which has a semi-major
axis near 70 kpc, is negligibly affected despite the dwarf galaxies
causing its orbit to migrate significantly due to the external tidal
field being so weak.
Taking into consideration the structural evolution of each clus-
ter, Figure 5 shows the ratio of the half-mass radius of all stars
within the tidal radius of the cluster orbiting in the DW potential nor-
malized by the haf mass radii of all stars within the tidal radius of
the clusters orbiting in MWPotential2014—the range again results
from the five different present-day positions and velocities that we
simulate in MWPotential2014. We find that the size of NGC 6528,
IC 1257, and Pal 2 all increase by a factor of almost 5% due to the
presence of dwarf galaxies. The expansion in NGC 6528 is likely
due to its tidal radius increasing as it moves from a stronger to a
weaker tidal field. Conversely, IC 1257 and Pal 2 are able to initially
expand to a larger size due to starting in a weaker tidal field before
moving to its final orbit. Similar to Figure 4, the evolution of Pal
4 is primarily unaffected by any changes in its orbit due to dwarf
galaxies because the background potential is weak regardless of its
exact orbit.
4.2 Origin and Ancient Merger Associations
Finally, we consider the kinematic properties of each Galactic GC
and how their evolution due to the presence of dwarf galaxies may
influence their implied origin. The left panel of Figure 6 illustrates
the spreads in orbital energy and angular momentum that each GC
experiences over the course of its evolution in the DW model. This
parameter space was used by Massari et al. (2019) to label clusters
as being members of either Gaia-Enceladus, the Sagitarius dwarf
galaxy, the Helmi stream progenitor, the Sequoia galaxy, or as being
formed in-situ in the Milky Way. These designations are noted in
the legend, where in some cases two possible origins are listed
and in others no origin was identified. More recently, Naidu et al.
(2020) used this parameter space to identify three halo structures in
addition to Massari et al. (2019). The authors further conclude that
the stellar halo is primarily made up of substructure.
The left panel of Figure 6 illustrates that only the energy and an-
gular momentum of clusters associated with the Sagittarius Dwarf,
and to a lesser extent clusters associated with the Helmi Stream
and Sequoia Galaxy, are affected when accounting for the effects
of dwarf galaxies on their orbital evolution. While not shown, the
median uncertainty in both energy and angular momentum is com-
parable to the size of the data points (with a few exceptions). Hence,
the spread in orbital energy and angular momentum found for these
clusters due to the presence of dwarf galaxies is greater than or
equal to the random error that can be attributed to the uncertain-
ties in their proper motions and radial velocities. It is perhaps not
surprising that the orbits of clusters associated with Sagittarius are
affected by the dwarf itself, with a detailed model for the time-
evolution of the Sagittarius dwarf being necessary before it can be
determined whether the kinematic properties of these clusters are
consistent with once being members of Sagittarius or not. The ef-
fect of dwarf galaxies on select clusters associated with the Helmi
stream and the Sequoia Galaxy could lead to them being incorrectly
identified as associated clusters using kinematics alone. In the or-
bital energy vs. angular momentum parameter space, accounting for
dwarf galaxies leads to some overlap between clusters associated
with the Helmi stream and clusters believed to have formed in-situ
within the Milky Way. Additionally, given how close the Sequoia
galaxy and Gaia-Enceladus are in this parameter space, accounting
for the effects of dwarf galaxies makes the two populations difficult
to separate based on kinematics alone. Extending the above con-
clusions to the recent work of Naidu et al. (2020), the presence of
dwarf galaxies will also affect the ability to separate the stellar halo
into its individual substructure components.
The right panel of Figure 6 illustrates the spread in orbital ac-
tions (JR ,Jφ ,Jz ) thatGCs have due to the presence of dwarf galaxies.
More specifically, we plot Jz−JR)/Jtot as a function of Jφ/Jtot, with
colour coding remaining the same as the left panel. Myeong et al.
(2019) uses this parameter space to find sub-populations of GCs
that are kinematically related. The authors find the region defined
as Jphi/Jtot < 0.7 and Jz − JR)/Jtot < −0.3 is primarily populated
by clusters belonging to Gaia-Enceladus and the region defined as
Jphi/Jtot < −0.5 and Jz − JR)/Jtot < 0.1 encompasses clusters that
are associated with the Sequoia galaxy.
Including the presence of dwarf galaxies when integrating the
orbits of Galactic GCs results in them having a wide range of ac-
tions over the course of their lifetime. Similar to the left panel of
Figure 6, GCs associated with the Sagittarius Dwarf show signif-
icant evolution along both axis. Unlike the left panel of Figure 6,
GCs associated with Gaia-Enceladus and the Sequoia galaxy also
evolve significantly within this parameter space, far outside the lim-
its defined by Myeong et al. (2019). Furthermore, GCs believed to
be part of the Helmi stream have a wide range in Jz − JR)/Jtot
and do not appear to be kinematically related. Hence taking into
consideration the effects of satellite dwarf galaxies on the orbital
evolution of Galactic GCs makes it difficult to use actions alone to
identify a cluster’s association with an accretion event.
Similar to the left panel of Figure 6, the spread in orbit actions
MNRAS 000, 1–10 (2020)
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Figure 6. Effect of dwarf-galaxy perturbations on integrals of the motion commonly used to identify the origin of Milky Way globular clusters. Left Panel:
Range of orbital energies E and angular momenta Lz reached by Galactic globular clusters evolving in the DW galaxy model. Clusters are colour coded based
on the work of Massari et al. (2019), who uses this parameter space to designate clusters as being associate with either Gaia-Enceladus (G-E), the Sagitarius
dwarf galaxy (Sgr), the Helmi stream progenitor (H99), the Sequoia galaxy (Seq) or the Milky Way (MW). Right Panel: Difference between the vertical and
radial actions compared to the azimuthal action (both normalized by the total action), a parameter space used by Myeong et al. (2019) to identify kinematically
related globular clusters. Perturbations due to dwarf galaxies can lead to clusters evolving throughout both parameter spaces over the course of their lifetime.
caused by the presence of dwarf galaxies is again larger than the
error associated with the uncertainties in each cluster’s proper mo-
tions and radial velocity. Hence the systematic uncertainty in each
cluster’s orbit attributed to the inclusion or exclusion of satellite
galaxies (only 6 of which are included in this study) dominates over
uncertainties associated with how well their kinematic properties
are measured.
5 CONCLUSIONS
The presence of a subset of the Milky Way’s satellite galaxies has
a number of effects on the population of Galactic globular clusters.
Dwarf galaxies primarily affect the orbits of theMilkyWay’s globu-
lar clusters, with several clusters having a range of semi-major axis
and orbital eccentricities over the course of their lifetime. There
doesn’t appear to be a significant trend in the change in any of
the orbital parameters of the population of globular clusters, in-
cluding apocentre, pericentre and eccentricity. However we do find
evidence that the SMC and LMC are the dominant source of orbital
perturbations.
The change in individual cluster orbits can have a subsequent
effect on themass loss rate and structure of aGC.Clusterswith orbits
that were closer to the Galactic centre before satellite galaxy interac-
tions caused the cluster to migrate outwards lose more mass earlier
in their lifetime than one would estimate assuming their orbit has
remained unchanged. Similar effects are observed for clusters that
have had their eccentricities grow due to an increase in their apoc-
entre. The opposite is true for clusters that have migrated inwards or
had their eccentricity grow due to a decrease in their pericentre. For
the four sample clusters studied here, evolving model GCs in tidal
fields with and without satellite galaxies resulted in mass loss rates
varying by ±3% and cluster half-mass radii varying by over 5%.
These variations are significantly larger than any difference from
uncertainties in each cluster’s measured proper motions and radial
velocity.
We also explore the range of orbital energies and actions that
each cluster has over the course of its orbital history. Interactions
with satellite galaxies can lead to the orbital energies and actions
of clusters changing over time, adding a degree of uncertainty in
using a cluster’s kinematic properties to associate it with one of the
Milky Way’s past accretion events. This systematic uncertainty is
often larger than the random uncertainty that can be attributed to
measurements the cluster’s velocity, and highlights the importance
of also using chemical abundances and ages to constrain the Milky
Way’s accretion history (Mackereth et al. 2019; Kruijssen et al.
2019, 2020).
There are a few important limitations that arise in our orbital
integration technique that are worth noting. First, our method does
not include the orbital evolution of the dwarf galaxies themselves.
Ignoring dynamical friction, for example, could be important as
dynamical friction will cause the orbits of both GCs and satellite
galaxies to decay over time. Interactions between satellites are also
not considered, which Patel et al. (2020) finds can alter the orbital
history of individual satellites. Furthermore, we do not includemass
loss from the dwarf galaxies or any structural evolution throughout
the past 12Gyr . Mass loss occurs through tidal stripping from inter-
actions with theMilkyWay, such that the mass of each dwarf galaxy
was larger in the past. Each of these assumptions could be remedied
by including a term to account for dynamical friction when solving
the orbit of the dwarf galaxies (already implemented within galpy)
and a mass loss history for each dwarf. However, at present most
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satellite galaxies are lacking models for their mass and structural
evolution. A full model for the mass, structural, and orbital evolu-
tion of the Milky Way’s satellite population is therefore required in
order to fully understand how each Galactic GC is affected by their
presence. Other forms of substructure, such as darkmatter subhalos,
giant molecular clouds, the Galactic bar, and spiral arms are also
worth considering.
Ultimately, what this study demonstrates, is that the orbital
properties of GCs are not constant in time. Interactions with satel-
lite galaxies, amongst other forms of substructure, can result in the
orbital eccentricity, semi-major axis, and other integrals of the mo-
tion of a cluster evolving over time. Given how strongly a cluster’s
evolution is tied to the tidal field of its host galaxy, orbital evolution
could potentially have strong implications on a cluster’s mass-loss
and structural history. It is therefore necessary to first consider pos-
sible sources that can alter the orbits of GCs before their dynamical
clocks can be rewound to study their properties at formation and the
evolution of their host galaxy.
ACKNOWLEDGEMENTS
The authors would like to thank Gurtina Besla and Nicolas Garavito
for valuable feedback regarding the project and James Lane for help
with the implementation of the gravitational potential of orbiting
satellite galaxies and generating Figure 6. JB acknowledges financial
support from NSERC (funding reference numbers RGPIN-2015-
05235 & RGPIN-2020-04712) and an Ontario Early Researcher
Award (ER16-12-061).
DATA AVAILABILITY
The data underlying this article are available in the public domain
(Goerdt et al. 2006; Besla et al. 2010; Peñarrubia et al. 2008; Laporte
et al. 2018; Vasiliev 2019) and in the article itself.
REFERENCES
Baumgardt H., Hilker M., 2018, MNRAS, 478, 1520
Baumgardt H., Makino J., 2003, MNRAS, 340, 227
Besla G., Kallivayalil N., Hernquist L., van der Marel R. P., Cox T. J., Kereš
D., 2010, ApJ, 721, L97
Bianchini P., van der Marel R. P., del Pino A., Watkins L. L., Bellini A.,
Fardal M. A., Libralato M., Sills A., 2018, MNRAS, 481, 2125
Bovy J., 2015, ApJS, 216, 29
De Marchi G., Paresce F., Pulone L., 2007, ApJ, 656, L65
Dehnen W., 2000, ApJ, 536, L39
Dehnen W., 2002, Journal of Computational Physics, 179, 27
Eadie G., Jurić M., 2019, ApJ, 875, 159
Erkal D., et al., 2018, MNRAS, 481, 3148
Erkal D., et al., 2019, MNRAS, 487, 2685
Forbes D. A., Bridges T., 2010, MNRAS, 404, 1203
Gaia Collaboration et al., 2016, A&A, 595, A1
Gaia Collaboration et al., 2018a, A&A, 616, A1
Gaia Collaboration et al., 2018b, A&A, 616, A12
Garavito-Camargo N., Besla G., Laporte C. F. P., Johnston K. V., Gómez
F. A., Watkins L. L., 2019, ApJ, 884, 51
Gieles M., Heggie D. C., Zhao H., 2011, MNRAS, 413, 2509
Goerdt T., Moore B., Read J. I., Stadel J., Zemp M., 2006, MNRAS, 368,
1073
Gómez F. A., Besla G., Carpintero D. D., Villalobos Á., O’Shea B. W., Bell
E. F., 2015, The Astrophysical Journal, 802, 128
Hénon M., 1961, Annales d’Astrophysique, 24, 369
Hénon M., 2011, arXiv e-prints, p. arXiv:1103.3498
Jindal A., Webb J. J., Bovy J., 2019, MNRAS, 487, 3693
Krauss L. M., Chaboyer B., 2003, Science, 299, 65
Kruijssen J. M. D., 2015, MNRAS, 454, 1658
Kruijssen J. M. D., Mieske S., 2009, A&A, 500, 785
Kruijssen J. M. D., Pfeffer J. L., Reina-Campos M., Crain R. A., Bastian N.,
2019, MNRAS, 486, 3180
Kruijssen J. M. D., et al., 2020, arXiv e-prints, p. arXiv:2003.01119
Laporte C. F. P., Gómez F. A., Besla G., Johnston K. V., Garavito-Camargo
N., 2018, MNRAS, 473, 1218
Li H., Gnedin O. Y., Gnedin N. Y., Meng X., Semenov V. A., Kravtsov A. V.,
2017, ApJ, 834, 69
Mackereth J. T., et al., 2019, MNRAS, 482, 3426
Marín-Franch A., et al., 2009, ApJ, 694, 1498
Massari D., Koppelman H. H., Helmi A., 2019, A&A, 630, L4
Myeong G. C., Evans N. W., Belokurov V., Sanders J. L., Koposov S. E.,
2018, The Astrophysical Journal, 863, L28
Myeong G. C., Vasiliev E., Iorio G., Evans N. W., Belokurov V., 2019,
MNRAS, 488, 1235
Naidu R. P., Conroy C., Bonaca A., Johnson B. D., Ting Y.-S., Caldwell N.,
Zaritsky D., Cargile P. A., 2020, arXiv e-prints, p. arXiv:2006.08625
Patel E., et al., 2020, ApJ, 893, 121
Paust N. E. Q., et al., 2010, AJ, 139, 476
Peñarrubia J., 2019, MNRAS, 490, 1044
Peñarrubia J., McConnachie A. W., Navarro J. F., 2008, ApJ, 672, 904
Renaud F., Agertz O., Gieles M., 2017, MNRAS, 465, 3622
Springel V., et al., 2005, Nature, 435, 629
Teuben P., 1995, The Stellar Dynamics Toolbox NEMO. p. 398
Vasiliev E., 2019, Monthly Notices of the Royal Astronomical Society, 484,
2832
Webb J. J., Leigh N. W. C., 2015, MNRAS, 453, 3278
Webb J. J., Leigh N., Sills A., Harris W. E., Hurley J. R., 2014, MNRAS,
442, 1569
White S. D. M., Frenk C. S., 1991, ApJ, 379, 52
de Boer T. J. L., Gieles M., Balbinot E., Hénault-Brunet V., Sollima A.,
Watkins L. L., Claydon I., 2019, MNRAS, 485, 4906
APPENDIX A: ORBITAL PARAMETER CHANGES IN
DIFFERENT GALAXY MODELS FOR ALL MILKYWAY
GLOBULAR CLUSTERS
See Table A1.
MNRAS 000, 1–10 (2020)
8 Garrow et al.
Galaxy Model: MW SGR SMC/LMC DW
ID rp a e rp a e rp a e rp a e
NGC5286 1.14 7.92 0.86 1.09 8.24 0.87 1.25 8.01 0.84 1.12 8.11 0.86
Terzan12 2.01 3.07 0.35 1.98 3.08 0.36 2.02 3.07 0.34 2.01 3.08 0.35
Arp2 18.58 56.30 0.67 18.38 95.65 0.81 15.43 51.54 0.70 7.45 45.63 0.84
NGC5024 9.47 16.45 0.42 8.52 16.32 0.48 9.75 17.19 0.43 8.92 16.82 0.47
NGC6638 0.13 1.21 0.89 0.14 1.20 0.88 0.11 1.20 0.90 0.12 1.20 0.90
Crater 103.98 125.53 0.17 102.87 127.89 0.20 90.77 125.68 0.28 103.22 138.02 0.25
BH261 1.33 2.10 0.37 1.35 2.11 0.36 1.33 2.10 0.36 1.34 2.11 0.36
NGC6553 2.00 2.58 0.23 2.01 2.59 0.22 1.99 2.59 0.23 2.00 2.59 0.23
NGC6749 1.63 3.32 0.51 1.62 3.32 0.51 1.62 3.33 0.51 1.60 3.33 0.52
NGC6528 0.51 1.27 0.60 0.52 1.27 0.59 0.52 1.27 0.59 0.52 1.27 0.59
NGC4372 3.03 5.10 0.41 2.94 5.09 0.42 3.12 5.12 0.39 3.11 5.11 0.39
NGC2808 0.79 7.73 0.90 0.64 7.71 0.92 0.83 7.78 0.89 0.77 7.74 0.90
IC4499 7.42 20.87 0.64 6.63 21.03 0.68 5.13 20.45 0.75 4.41 20.74 0.79
BH229 0.43 1.17 0.63 0.39 1.15 0.66 0.37 1.14 0.67 0.41 1.16 0.65
NGC6642 0.16 1.29 0.87 0.15 1.28 0.89 0.16 1.29 0.88 0.16 1.29 0.88
NGC6779 0.61 6.57 0.91 0.51 6.56 0.92 0.57 6.71 0.91 0.46 6.79 0.93
NGC6541 1.39 2.88 0.52 1.38 2.93 0.53 1.35 2.87 0.53 1.35 2.89 0.53
NGC6441 1.05 2.46 0.57 1.04 2.46 0.57 1.03 2.46 0.58 1.03 2.45 0.58
Pal4 20.54 68.74 0.70 20.27 68.58 0.70 17.66 71.09 0.75 19.87 70.26 0.72
NGC6341 0.36 5.47 0.93 0.24 5.55 0.96 0.38 5.66 0.93 0.24 5.82 0.96
NGC5694 2.53 40.05 0.94 2.98 40.81 0.93 2.38 39.78 0.94 2.50 41.53 0.94
NGC2298 2.13 10.14 0.79 2.08 10.09 0.79 1.95 10.03 0.81 2.07 10.08 0.79
Ton2 0.90 2.38 0.62 0.90 2.38 0.62 0.90 2.37 0.62 0.91 2.38 0.62
NGC6637 1.08 1.46 0.26 1.06 1.46 0.27 1.07 1.46 0.27 1.06 1.46 0.27
NGC6325 0.36 1.46 0.75 0.31 1.42 0.78 0.31 1.43 0.78 0.30 1.43 0.79
NGC4147 0.86 14.40 0.94 0.68 14.70 0.95 0.52 15.17 0.97 0.65 15.95 0.96
NGC6366 2.06 3.88 0.47 2.04 3.90 0.48 1.99 3.88 0.49 1.99 3.92 0.49
Pal7 3.37 4.71 0.28 3.29 4.72 0.30 3.44 4.76 0.28 3.44 4.75 0.28
NGC5986 0.50 2.76 0.82 0.43 2.73 0.84 0.51 2.77 0.81 0.46 2.74 0.83
NGC5927 4.12 4.75 0.13 3.82 4.78 0.20 4.07 4.74 0.14 4.01 4.74 0.16
Terzan1 0.27 0.89 0.69 0.27 0.89 0.70 0.28 0.89 0.69 0.27 0.89 0.69
NGC4833 0.62 4.40 0.86 0.58 4.46 0.87 0.61 4.36 0.86 0.61 4.42 0.86
Pal8 2.46 4.02 0.39 2.41 3.99 0.39 2.37 4.03 0.41 2.34 4.00 0.42
NGC7078 3.89 7.20 0.46 3.54 7.18 0.51 4.04 7.34 0.45 3.54 7.18 0.51
NGC6517 0.64 2.52 0.74 0.65 2.51 0.74 0.64 2.53 0.75 0.63 2.52 0.75
NGC6284 0.42 4.20 0.90 0.45 4.26 0.89 0.46 4.26 0.89 0.46 4.24 0.89
Pal14 4.24 68.34 0.94 3.81 69.95 0.95 2.91 71.91 0.96 2.17 72.83 0.97
NGC6539 2.00 2.70 0.26 1.97 2.70 0.27 1.97 2.71 0.27 1.96 2.72 0.28
NGC7089 0.78 10.98 0.93 0.47 10.95 0.96 0.97 11.25 0.91 0.89 11.12 0.92
NGC5272 5.28 11.31 0.53 5.08 11.43 0.56 5.38 11.66 0.54 4.80 11.34 0.58
NGC362 0.28 6.39 0.96 0.24 6.36 0.96 0.27 6.27 0.96 0.20 6.26 0.97
NGC6144 1.98 2.98 0.34 1.95 2.96 0.34 1.96 2.98 0.34 1.95 2.97 0.34
NGC6287 0.45 3.94 0.89 0.48 4.07 0.88 0.46 3.95 0.88 0.54 4.03 0.87
E3 9.05 13.14 0.31 7.63 12.59 0.39 8.08 12.85 0.37 7.00 12.57 0.44
NGC6205 1.27 4.93 0.74 1.24 4.98 0.75 1.26 5.07 0.75 1.29 5.14 0.75
NGC6402 0.70 2.39 0.71 0.69 2.42 0.71 0.69 2.42 0.72 0.68 2.42 0.72
FSR1735 0.62 3.19 0.81 0.54 3.23 0.83 0.67 3.20 0.79 0.67 3.21 0.79
Pal3 75.35 110.18 0.32 73.46 109.85 0.33 74.44 109.12 0.32 81.09 114.76 0.29
NGC6256 0.39 2.41 0.84 0.38 2.39 0.84 0.37 2.40 0.85 0.38 2.39 0.84
NGC6342 0.97 1.60 0.39 0.96 1.60 0.40 0.97 1.60 0.39 0.93 1.63 0.43
Djorg2 0.86 1.94 0.55 0.87 1.94 0.55 0.86 1.93 0.56 0.88 1.94 0.55
NGC6093 0.64 2.26 0.72 0.63 2.26 0.72 0.69 2.29 0.70 0.68 2.31 0.70
NGC5139 1.68 4.35 0.61 1.66 4.39 0.62 1.69 4.34 0.61 1.65 4.37 0.62
Terzan5 0.28 0.88 0.68 0.28 0.88 0.68 0.28 0.88 0.68 0.28 0.88 0.68
NGC6333 0.92 4.84 0.81 0.84 4.84 0.83 1.04 4.94 0.79 1.04 4.93 0.79
NGC6934 2.98 35.10 0.92 3.36 34.50 0.90 2.17 33.05 0.93 2.03 32.04 0.94
NGC6101 10.82 42.25 0.74 10.18 41.43 0.75 10.83 38.91 0.72 10.82 39.15 0.72
NGC6171 0.86 2.14 0.60 0.83 2.15 0.61 0.85 2.14 0.60 0.83 2.15 0.62
NGC5466 6.90 41.28 0.83 6.74 42.55 0.84 6.31 52.99 0.88 6.40 54.52 0.88
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Pal5 15.02 17.54 0.14 12.01 16.18 0.26 14.61 17.71 0.18 12.59 16.84 0.25
ESO45211 0.18 1.26 0.86 0.18 1.27 0.86 0.24 1.29 0.82 0.18 1.27 0.86
NGC6266 0.95 1.43 0.33 0.95 1.43 0.34 0.95 1.43 0.34 0.94 1.43 0.34
Pal15 1.45 29.16 0.95 0.80 31.08 0.97 1.64 31.70 0.95 1.53 34.29 0.96
Pal13 9.23 52.76 0.83 8.37 56.85 0.85 8.85 50.29 0.82 7.96 57.06 0.86
Terzan2 0.32 0.77 0.59 0.32 0.77 0.59 0.31 0.76 0.59 0.31 0.77 0.60
NGC6540 1.56 2.17 0.28 1.54 2.17 0.29 1.56 2.17 0.28 1.55 2.18 0.29
Terzan4 0.40 0.78 0.49 0.39 0.78 0.50 0.39 0.78 0.50 0.39 0.78 0.50
BH184 1.85 3.19 0.42 1.83 3.21 0.43 1.84 3.18 0.42 1.82 3.18 0.43
NGC5053 11.66 14.77 0.21 11.43 15.31 0.25 11.29 15.58 0.28 11.26 16.05 0.30
NGC6723 1.40 2.64 0.47 1.36 2.63 0.48 1.34 2.62 0.49 1.30 2.62 0.50
FSR1716 4.14 6.31 0.34 4.17 6.35 0.34 4.17 6.22 0.33 4.20 6.28 0.33
BH176 12.50 18.89 0.34 11.16 18.99 0.41 12.34 18.40 0.33 11.64 18.55 0.37
NGC6809 1.10 3.60 0.70 0.98 3.64 0.73 1.09 3.63 0.70 1.08 3.66 0.70
NGC5897 2.62 6.17 0.57 2.46 6.27 0.61 2.62 6.21 0.58 2.31 6.29 0.63
NGC6496 4.04 9.07 0.55 4.00 9.50 0.58 3.84 8.92 0.57 3.80 9.09 0.58
NGC6715 15.68 49.77 0.69 15.84 50.03 0.68 12.89 46.80 0.72 15.85 50.01 0.68
NGC6388 1.18 2.26 0.48 1.18 2.26 0.48 1.19 2.26 0.47 1.19 2.26 0.47
Pal2 0.17 21.03 0.99 0.43 22.41 0.98 0.37 21.36 0.98 0.36 22.31 0.98
NGC1261 1.23 11.30 0.89 1.19 11.67 0.90 0.82 11.17 0.93 0.67 11.22 0.94
NGC6362 2.74 4.00 0.31 2.80 4.08 0.31 2.80 3.99 0.30 2.76 3.98 0.31
Whiting1 21.32 48.01 0.56 12.49 41.64 0.70 18.24 44.83 0.59 13.28 40.06 0.67
NGC6522 0.24 0.77 0.69 0.23 0.77 0.70 0.23 0.77 0.70 0.23 0.77 0.70
NGC6254 2.12 3.58 0.41 2.09 3.68 0.43 2.19 3.61 0.40 2.13 3.66 0.42
NGC6535 1.44 2.88 0.50 1.41 2.89 0.51 1.44 2.89 0.50 1.41 2.90 0.52
NGC6440 0.37 0.89 0.58 0.36 0.90 0.60 0.37 0.89 0.59 0.36 0.90 0.60
NGC6316 0.76 2.12 0.64 0.76 2.12 0.64 0.76 2.12 0.64 0.74 2.11 0.65
NGC5634 3.01 12.36 0.76 2.65 12.54 0.79 2.60 12.62 0.79 2.34 12.66 0.82
NGC7492 4.72 17.13 0.72 4.37 17.13 0.74 2.97 16.19 0.82 2.82 16.24 0.83
Terzan9 0.08 0.66 0.89 0.07 0.67 0.89 0.09 0.59 0.85 0.08 0.57 0.86
NGC6352 3.05 3.48 0.12 3.03 3.50 0.14 3.01 3.47 0.13 3.02 3.51 0.14
Terzan7 13.39 39.41 0.66 6.21 29.74 0.79 11.22 38.46 0.71 6.64 29.89 0.78
Terzan6 0.33 1.10 0.70 0.33 1.10 0.70 0.34 1.10 0.69 0.33 1.10 0.70
NGC6235 3.15 5.74 0.45 3.17 5.86 0.46 3.40 5.84 0.42 3.39 5.83 0.42
NGC5904 2.57 18.96 0.86 2.54 20.48 0.88 2.95 19.34 0.85 3.08 19.94 0.85
NGC6626 0.49 1.74 0.72 0.49 1.75 0.72 0.50 1.74 0.71 0.50 1.75 0.71
IC1257 1.61 10.10 0.84 1.30 10.06 0.87 1.76 10.26 0.83 1.72 10.34 0.83
NGC5946 0.54 3.31 0.84 0.59 3.33 0.82 0.51 3.29 0.85 0.58 3.31 0.83
NGC6717 1.17 1.78 0.34 1.18 1.78 0.34 1.17 1.78 0.34 1.18 1.79 0.34
NGC288 2.16 7.18 0.70 2.25 7.41 0.70 2.11 7.15 0.71 2.08 7.14 0.71
NGC2419 16.43 53.96 0.70 8.17 49.81 0.84 15.58 55.72 0.72 10.48 52.28 0.80
Terzan10 0.87 4.35 0.80 0.81 4.32 0.81 1.05 4.42 0.76 1.05 4.41 0.76
NGC6218 2.28 3.52 0.35 2.24 3.56 0.37 2.26 3.53 0.36 2.17 3.58 0.39
Pal6 0.65 2.31 0.72 0.65 2.32 0.72 0.65 2.31 0.72 0.64 2.32 0.72
NGC6426 4.27 11.33 0.62 4.20 11.74 0.64 4.30 11.40 0.62 4.04 11.76 0.66
NGC6304 1.70 2.35 0.28 1.68 2.35 0.29 1.69 2.35 0.28 1.68 2.36 0.29
NGC6273 1.03 3.26 0.69 0.98 3.23 0.70 0.90 3.21 0.72 0.89 3.21 0.72
NGC6544 0.11 2.67 0.96 0.11 2.70 0.96 0.11 2.67 0.96 0.12 2.70 0.95
NGC6624 0.42 0.93 0.55 0.42 0.93 0.55 0.42 0.93 0.54 0.43 0.93 0.54
NGC6356 3.39 5.96 0.43 3.19 6.03 0.47 3.28 6.00 0.45 2.99 6.05 0.51
Pal12 15.63 66.42 0.76 15.77 63.06 0.75 13.08 60.57 0.78 15.77 50.62 0.69
Djorg1 0.98 5.55 0.82 0.83 5.79 0.86 0.91 5.52 0.83 0.83 5.79 0.86
NGC6293 0.50 2.07 0.76 0.46 2.07 0.78 0.56 2.10 0.73 0.47 2.07 0.77
NGC7006 2.82 33.25 0.92 2.73 34.15 0.92 6.04 34.17 0.82 4.77 33.61 0.86
NGC104 5.90 6.67 0.12 5.74 6.71 0.14 6.08 6.76 0.10 6.04 6.74 0.10
Pal11 4.35 6.33 0.31 4.23 6.26 0.32 4.37 6.43 0.32 4.24 6.33 0.33
NGC5824 17.17 30.59 0.44 17.22 30.90 0.44 15.71 29.54 0.47 17.45 29.72 0.41
Terzan3 2.08 2.88 0.28 2.10 2.89 0.27 2.08 2.87 0.28 2.12 2.91 0.27
NGC6584 2.19 15.15 0.86 2.58 15.14 0.83 2.53 14.74 0.83 2.61 14.93 0.83
NGC3201 8.43 26.45 0.68 7.82 26.24 0.70 8.85 25.98 0.66 8.85 26.14 0.66
Rup106 5.30 24.14 0.78 4.86 24.09 0.80 7.07 25.66 0.72 6.87 26.36 0.74
NGC6838 4.98 6.02 0.17 4.97 6.05 0.18 4.91 6.05 0.19 4.89 6.07 0.19
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NGC7099 1.40 4.96 0.72 1.53 5.21 0.71 1.47 4.97 0.70 1.55 5.04 0.69
NGC6229 0.92 15.88 0.94 0.99 16.05 0.94 0.65 16.43 0.96 0.42 16.38 0.97
NGC6139 1.36 2.63 0.48 1.37 2.64 0.48 1.36 2.62 0.48 1.36 2.63 0.48
Pyxis 25.10 157.57 0.84 24.99 152.97 0.84 31.63 155.74 0.80 32.41 150.96 0.79
NGC6121 0.04 3.13 0.99 0.05 3.18 0.98 0.05 3.14 0.98 0.04 3.18 0.99
NGC6681 0.17 3.07 0.94 0.25 3.15 0.92 0.10 3.04 0.97 0.07 3.04 0.98
NGC6652 0.50 2.21 0.78 0.47 2.20 0.78 0.47 2.19 0.79 0.47 2.20 0.79
NGC1904 0.14 9.77 0.99 0.12 10.12 0.99 0.57 9.70 0.94 0.34 9.77 0.97
NGC1851 0.40 10.93 0.96 0.42 11.22 0.96 0.57 10.81 0.95 0.45 10.81 0.96
NGC6397 2.68 4.50 0.40 2.67 4.56 0.41 2.66 4.49 0.41 2.69 4.57 0.41
Terzan8 16.71 51.19 0.67 8.25 60.23 0.86 14.32 47.54 0.70 6.75 32.54 0.79
NGC6569 2.53 2.98 0.15 2.46 2.95 0.17 2.43 3.06 0.21 2.39 3.03 0.21
NGC6981 0.71 14.19 0.95 0.94 14.08 0.93 0.27 13.87 0.98 0.72 13.87 0.95
NGC6401 2.66 4.02 0.34 2.51 4.02 0.37 2.68 4.04 0.34 2.53 4.03 0.37
NGC6760 2.09 3.77 0.45 2.08 3.78 0.45 2.07 3.79 0.46 2.05 3.80 0.46
NGC6380 0.29 1.89 0.84 0.29 1.88 0.84 0.31 1.88 0.84 0.31 1.89 0.84
NGC6355 0.50 2.04 0.75 0.47 2.01 0.77 0.52 2.04 0.75 0.51 2.04 0.75
NGC4590 8.94 24.92 0.64 6.84 24.45 0.72 10.21 26.47 0.61 10.21 26.35 0.61
Pal1 15.69 18.00 0.13 13.82 17.43 0.21 15.67 18.59 0.16 15.62 19.19 0.19
NGC6656 2.90 6.79 0.57 2.90 6.85 0.58 2.82 6.80 0.59 2.80 6.83 0.59
ESO28006 1.59 8.22 0.81 1.68 8.36 0.80 1.65 8.23 0.80 1.57 8.31 0.81
NGC6558 0.29 1.39 0.79 0.28 1.38 0.80 0.29 1.39 0.79 0.28 1.39 0.80
Pal10 4.02 5.52 0.27 3.80 5.58 0.32 4.08 5.55 0.27 3.94 5.57 0.29
E1 107.72 169.69 0.37 107.81 170.15 0.37 124.62 170.84 0.27 124.62 169.89 0.27
NGC6712 0.44 2.77 0.84 0.44 2.79 0.84 0.41 2.77 0.85 0.41 2.78 0.85
NGC6752 3.50 4.48 0.22 3.50 4.52 0.22 3.58 4.52 0.21 3.55 4.50 0.21
NGC6453 0.96 2.73 0.65 0.99 2.74 0.64 0.96 2.72 0.65 0.93 2.74 0.66
NGC6864 1.15 9.36 0.88 0.89 9.59 0.91 0.93 9.23 0.90 0.75 9.62 0.92
Eridanus 16.44 92.23 0.82 16.66 91.56 0.82 20.02 90.91 0.78 21.90 89.67 0.76
Table A1: The pericentre, semi-major axis, and orbital eccentricity of each Galactic globular cluster when its orbit is integrated in the potential of the Milky
Way (MW), the combined potential of the Milky Way and the Sagittarius Dwarf Galaxy (SGR), the combined potential of the Milky Way and the Magellanic
Clouds (SMC/LMC), and the combined potential of the Milky Way and the all six dwarf galaxies considered.
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